ABSTRACT We examined changes of site selection by the mantid Tenodera aridifolia (Stoll) according to its developmental stage. We investigated the vegetation characteristics selected by mantids of different developmental stages at three Þeld sites. The height of vegetation and height at which mantids were found on vegetation tended to be higher for later-instar mantids than early instars. Mantids tended to prefer the upper part of vegetation regardless of their developmental stage or the site. Later-instar mantids also tended to select larger-sized leaves for perching compared with early instar mantids. Height above ground, vegetation height, and leaf sizes selected by mantids differed among the three sites. In addition, the preferred plant species used by mantids also changed with their developmental stage. Thus, our results indicate that T. aridifolia has varying preferences for site selection and speciÞc vegetation according to its developmental stage.
Tenodera aridifolia (Stoll) is probably the most widespread and abundant of the temperature zone mantid species, as well as being the most frequently studies in terms of population, community ecology, and life history (Eisenberg and Hurd 1977; Hurd et al. 1978 Hurd et al. , 1994 Hurd et al. , 2004 Eisenberg et al. 1981 Eisenberg et al. , 1992 Bartely 1982; Hurd and Eisenberg 1984a, b; Hurd 1989 Hurd , 1999 . Numerous attempts have been made by scholar to show the interspeciÞc competition in mantids, T. aridifolia (Ishihara 1976; Rathet and Hurd 1983; Matsura 1984; Hurd 1988; Hurd and Eisenberg 1989a, b; Iwasaki 1992 Iwasaki , 1996 Iwasaki , 1998 . However, few attempts have so far been made at the intraspeciÞc competition and niche partitioning among different developmental stages of T. aridifolia.
Within a guild of generalist predators, then interspeciÞc predation, cannibalism, and interspeciÞc and intraspeciÞc competition for prey all may occur (Spiller 1984 (Spiller , 1986 Hurd 1988; Polis et al. 1989; Anholt 1990; Wise and Wagner 1992) . According to traditional guild theory, we ought to be able to Þnd ways in which this common prey resource pool divided up to minimize or avoid competition.
In intraspeciÞc competition, nonoverlap on niche also potentially may promotes coexistence by reducing competition among guild members (different developmental stages), according to conventional theory. Cannibalism depends on body size (Fagan and Odell 1996) ; both young and old conspeciÞc mantids battle with each other, with the winner always eating the loser. The size differential between combatants results from differences in hatch time or speed of growth. In particularly, the sporadic pattern of egg hatches in T. aridifolia was considered to cause a greater diversity in stage structure during the course of nymphal development (Iwasaki 1996) . Mantid nymphs suffer high mortality from starvation and cannibalism (Hurd and Eisenberg 1984a) . This latter feature results in a niche difference, because mantids of different body sizes have different optimal prey sizes (Bartley 1983) . The difference in body size persists through the developmental period (Hurd and Eisenberg 1989) . Thus, we might expect that intraspeciÞc mantids exploit different portions of the available prey, thereby avoiding competitive exclusion.
Theoretically, an optimal habitat patch maximizes foraging efÞciency while minimizing predation risk. Ultimately, the quality and availability of habitat patches determines the distribution of populations, and at a smaller scale, dispersion patterns within populations (Lima 1998) . Praying mantids prefer habitats with high structural complexity (Balderson 1991 , Rentz 1996 because the majority of praying mantids including Tenodera spp. rely on their cryptic coloration and immobile stance to remain cryptic within dense vegetation (Balderson 1991) , which assists them both in ambushing prey and avoiding predation. This assists them both in ambushing prey and avoiding predation. In paddy Þelds, T. aridifolia nymphs tend to stay in site of goldenrod, while Tenodera angustipennis (Saussure) nymphs distribute on both goldenrod (Solidago canadensis) and surrounding rice plants (Oryza sativa), but rarely disperse far from the goldenrod patches (Iwasaki 1995) . Iwasaki (1995) proposed that because T. aridifolia grows early in the season, the rice plants may not be strong enough to support the mantidÕs heavy weight. It is important for ambush predators to select sturdy vegetation in relation to their body size that is stable enough to allow them to pounce efÞciently. Therefore, the site characteristics related to the leaf size or plant strength where mantids select may differ according to the developmental stage. Site selection may be driven by different preferences for physical environments or differential susceptibility to predators or parasitoids.
We suggested that T. aridifolia mitigate niche overlap through different site preference by differential developmental stage. Thus, we focused on the relationship between site selection and developmental stage of T. aridifolia that exists a lot in this site. This research reveals a relationship among several site characteristics, including perch height, vegetation height, leaf size, vegetation type, and mantid life stage in three different plant communities.
Materials and Methods
Study Site. The life history of T. aridifolia was investigated in 2008 at three Þeld sites of the Kinki University Faculty of Agriculture in Nara, Japan. Site A is an open meadow with high sunlight and a gradual incline. The dominant plant species are kudzu (Pueraria lobata) and bedstraw (Galium niewerthii), which have low stature compared with the average vegetation height at the other sites. Site B is edge habitat adjacent to a forested area and receives limited sunlight. The dominant plants here are kudzu, goldenrod (Solidago canadensis), horsetail (Equisetum arvense), and pampas grass (Miscanthus sinensis). The vegetation at this site is of intermediate stature. Site C is highly shaded and adjacent to forests and the academic building. The dominant plants are goldenrod and bamboo grass (Sasa veitchii), and the vegetation structure is the tallest of the three sites.
Field Observations. Observations were conducted daily from 12 May through 29 October 2008, irrespective of the weather. At each study site, a Þxed transect route (preexisting foot path) of about an hourÕs walk was followed. Observers walked the route carefully not to disturb the plants as much as possible. We visually founded each mantid and recorded the body length of the mantid from the tip of the abdomen to the front of the head with a 15-cm ruler. Nymphal instar was inferred from body length according to Iwasaki (1992) . Because it was difÞcult to discriminate between sixth and seventh instars nymphs (Matsura et al. 1984 , Iwasaki 1992 , these two instars were combined and referred to as (6 ϩ 7) th instars. We recorded the height at which the mantid was found and the height of the vegetation on which it was found. In addition, we measured the width and the length of the leaf on which the mantids were located to calculate the leaf area index (width ϫ length). We then computed the ratio of the height where the mantid was found to the vegetation height. We often observe that the mantids ambush prey in the upper part of a plant to catch the insect. It is rare that the mantids stay on the top of a plant where they may be easily discovered by natural enemies. Therefore, the ratio may be an important factor for the ambush type predators to catch the prey and to avoid attacks by natural enemies. We investigated the ratio to know whether the relative position of mantids on vegetation changes along with developmental stages. Each mantid was marked with oil paint on the prothorax on its Þrst capture to avoid multiple observation of the same mantid, and was released after body length was recorded. Nymphs of T. aridifolia do not curl and bend their abdomen except the case of the deimatic display. We could precisely record the body size of the mantids because the nymphs never showed the deimatic posture against an observer. Data Analysis. Multivariate analysis of variance (MANOVA) was used to examine the effect of developmental stages on mantid height, height ratio, and leaf area index for each site. Vegetation height could be dropped from analysis, as the height ratio incorporates this. When the effect of developmental stages was signiÞcant in MANOVA, then one-way ANOVA was applied to evaluate the effect of developmental stage on mantid height, height ratio, and leaf area index, independently. Data in the form of ratios were Þrst arcsine transformed before analysis. TukeyÕs multiple comparisons tests were used to compare each parameter among stages or study sites. A DunnettÕs T3 test was used for multiple comparisons when homoscedasticity was not assumed. Multinomial logistic regression analysis was used to examine the effect of instar on selected plant species for each site. All analyses were conducted with SPSS version 14.0 for Windows (SPSS Inc., Chicago, IL).
Results
The mantid height, height ration, and leaf area index among the developmental stages differed signiÞcantly (MANOVA, PillaiÕs Trace, F 18, 588 ϭ 15.508, P Ͻ 0.001 for site A; F 18, 1020 ϭ 16.864, P Ͻ 0.001 for site B; F 18, 630 ϭ 6.925, P Ͻ 0.001 for site C).The mean height at which mantids were located was signiÞcantly different among developmental stages at the three sites (ANOVA, df ϭ 6, F ϭ 47.00, P Ͻ 0.001 for site A; df ϭ 6, F ϭ 46.26, P Ͻ 0.001 for site B; df ϭ 6, F ϭ 7.26, P Ͻ 0.001 for site C; Table 1 ). Later developmental stages were found at greater heights after the second instar across all three sites (Fig. 1) . The ratio of the height where the mantids were found to the height of vegetation was signiÞcantly different among developmental stages at sites A and C (ANOVA, df ϭ 6, F ϭ 3.91, P ϭ 0.001 for site A; df ϭ 6, F ϭ 2.33, P Ͻ 0.05 for site C; Table 1 ), but not at site B (df ϭ 6; F ϭ 1.33; P Ͼ 0.05). This ratio did not change signiÞcantly with advanced developmental stages at all sites (Fig. 2) . The leaf area index on which mantids occurred was sig- Fig. 2 . The ratio of height where the mantid was found to vegetation height. The sample size is the same as Fig. 1 . The different letters on bars show signiÞcant differences among developmental stage (P Ͻ 0.05; ANOVA; TukeyÕs tests).
Fig. 3.
Leaf area index where mantids occurred at three sites. We measured the width and the length of the leaf on which the mantids were located to calculate the leaf area index (width ϫ length). Values are means ϩ SE. The sample size is the same as Fig. 1 . The different letters on bars show signiÞcant differences among developmental stage (P Ͻ 0.05; ANOVA; DunnettÕs T3 test). niÞcantly different among instars at the three sites (ANOVA, df ϭ 6, F ϭ 107.01, P Ͻ 0.001 for site A; df ϭ 6, F ϭ 62.95, P Ͻ 0.001 for site B; df ϭ 6, F ϭ 34.49, P Ͻ 0.001 for site C; Table 1 ). Leaf area index increased with instar at all sites. Leaf area index increased after the second instar at sites A and B and after the Þfth instar at site C (Fig. 3) .
The selected vegetation species was related to the developmental stages (Multinomial logistic regression, 2 ϭ 185.699, df ϭ 54, P Ͻ 0.001 for site A; 2 ϭ 152.39, df ϭ 96, P Ͻ 0.001 for site B; 2 ϭ 126.197, df ϭ 48, P Ͻ 0.001 for site C). At site A, early instar nymphs were most often found on G. niewerthiie (Rubiaceae) or Humulus japonicus (Cannabaceae), and later stages were more often on kudzu P. lobata (Fabaceae). At site B, early instar nymphs were found on E. arvense (Equisetaceae), and later instars were most often on P. lobata. At site C, early instar nymphs were typically on goldenrod, S. canadensis (Asteraceae) and later instars on P. lobata ( Fig. 4; Table 2 ).
Discussion
The height above ground and the height of vegetation where mantids were found increased for laterinstar mantids (Table 1; Fig. 1 ). Note three points in relation to these results. First, Þrst instar nymphs that have only brown type tended to select lower positions on vegetation compared with older instar nymphs. The fact that brown nymphs are signiÞcantly less frequent at higher points in the vegetation suggests that visual predators such as birds (Alsop 1979 ) may take these individuals more frequently than green nymphs because of their high contrast with the background vegetation (Rathet and Hurd 1983) . Moreover, we observed that young instar mantids that were high in the vegetation were frequently preyed upon by crab spiders (H. W., unpublished data), so early instar mantids may prefer lower heights to avoid predation. Second, height selection may be affected by segregation from other mantid species. For example, T. angustipennis emerges later than T. aridifolia and typically occurs lower in the vegetation than T. aridifolia (Hurd 1999) . We rarely Þnd younger instar mantids of T. angustipennis that occurs lower in the vegetation than T. aridifolia (H. W., unpublished data). Thus, T. aridifolia may select lower positions when T. angustipennis is absent. Third, the vegetation height selected by mantids may increase along with vegetation growth over the season because the mantids preferred to perch near the top of vegetation regardless of developmental stage or site (Fig. 2) . Moreover, the height of vegetation where mantids selected also increased with along with vegetation growth advanced season if the mantids selected the conspeciÞc vegetation or the more grown up dominant vegetation species.
The height at which mantids were found differed among the three sites, likely because of vegetation differences among the sites. For example, mantids at site C could not help selecting higher vegetation compared with other sites because site C has little low vegetation.
Mantids preferred to perch near the top of vegetation regardless of developmental stage or site (Fig. 2) . Theoretically, an optimal habitat patch maximizes foraging efÞciency while minimizing predation risk. Ultimately, the quality and availability of habitat patches determines the distribution of populations, and at a smaller scale, dispersion patterns within populations (Lima 1998) . Therefore, the height at which mantids perch may be selected for optimal foraging efÞciency and predation risk. We frequently observed mantids preying on dipterans and lepidopterans (H. W., unpublished data). Mantids on ßowers often eat bees laden with pollen, which raises the question of the relative value of vegetable sources of protein and other nutrients in their diets (Hurd 1999) . We sometimes Þnd that T. aridifolia ambush ßower-visiting insects on golden rod ßowers (H. W., unpublished data). Perching height may be optimal for ambushing ßower-visiting insects. Additionally, the top of the vegetation may have the highest predation risk by natural enemies. Predation may therefore partially offset the beneÞt mantids gain by being higher in the vegetation where prey tends to be more abundant (Rathet and Hurd 1983) . Animals face many conßict-ing demands when selecting a habitat, but predator avoidance is one of the strongest factors in shaping preferences (Downes and Shine 1998 , Lima 1998 , Decaester et al. 2002 , Grand 2002 . Later-instar mantids were typically found on leaves with larger area than earlier-instar mantids (Fig. 3) . In the Þeld, early instar larvae tended to select small leaves (e.g., Rubiaceae, Equisetaceae, and Asteraceae), while later instar mantids selected large leaves (e.g., Fabaceae) (Fig. 4) . Our data support the hypothesis that this mantid species is rarely found on rice plants in a rice Þeld because the leaves of rice plants are too unstable to support large mantids (Iwasaki 1995) . Selection of plants because of their strength may differ between T. aridifolia and T. angustipennis because of differences in their ambush behavior (Iwasaki 1995) . Later-instar T. aridifolia were rarely seen in pampas grass at site B, and were frequently found on the large leaves of Pueraria lobata (Fig. 4B) . It is important for ambush predators to select sturdy vegetation in relation to their body size that is stable enough to allow them to pounce efÞciently. In addition, changing plant preference with later developmental stage may allow mantids to better track larger prey species optimal for the mantidÕs body size. For example, we observed mantids frequently capturing larger prey (e.g., grasshoppers) on P. lobata (H. W., unpublished data).
This study demonstrates that mantids change their site selection according to their developmental stage. Future investigations of the patch preference of T. angustipennis would be useful to demonstrate and understand the habitat segregation between T. aridifolia and T. angustipennis. Investigation of patch selection by predatory invertebrates has greatly advanced knowledge of foraging behavior in general (Inoue and Matsura 1983 , Uetz 1992 , Morse 1993 .
